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The Hall effect can be extended by inducing
a temperature gradient in lieu of electric field
that is known as the Nernst (-Ettingshausen) ef-
fect. The recently discovered spin Nernst effect
in heavy metals continues to enrich the picture of
Nernst effect-related phenomena. However, the
collection would not be complete without men-
tioning the valley degree of freedom benchmarked
by the observation of the valley Hall effect. Here
we show the experimental evidence of its miss-
ing counterpart, the valley Nernst effect. Using
millimeter-sized WSe2 mono-multi-layers and the
ferromagnetic resonance-spin pumping technique,
we are able to apply a temperature gradient by
off-centering the sample in the radio frequency
cavity and address a single valley through spin-
valley coupling. The combination of a temper-
ature gradient and the valley polarization leads
to the valley Nernst effect in WSe2 that we de-
tect electrically at room temperature. The valley
Nernst coefficient is in very good agreement with
the predicted value.
Recently, there has been tremendous interest in layered
transition metal dichalcogenides (TMDCs). It started
with the discovery that the canonical TMDC MoS2 be-
comes a direct bandgap semiconductor when isolated in
monolayer form [1, 2]. Many of the TMDCs have since
been shown to exhibit a strong excitonic feature, showing
strong and spectrally narrow photoluminescence and ab-
sorption making them very good candidates for novel op-
toelectronic devices [3, 4]. The combination of a bandgap
(1-2 eV) and an atomically thin conducting channel also
makes TMDCs ideal materials for next generation field
effect transitors in microelectronics [5]. Finally, in the
monolayer form, due to the breaking of inversion sym-
metry and strong spin-orbit coupling, the carriers in
TMDCs carry a valley index noted K+ or K−. This
valley degree of freedom refers to local extrema in the
band structure of TMDC monolayers at the K points
of the two-dimensional Brillouin zone and it can be ex-
ploited to develop novel valleytronic devices [6–8]. In
MX2 (M=Mo, W and X=S, Se) monolayers, the broken
inversion symmetry and strong spin-orbit coupling orig-
inating from the d-orbitals of the transition metal atom
align the electron spins near opposite valleys K+ and K−
to opposite out-of-plane directions thus preserving time
reversal symmetry. The broken spatial inversion sym-
metry also generates large Berry curvatures (BC) near
the K valleys, the BC being opposite at opposite valleys
[9]. This effect gives rise to unconventional electronic
properties such as the valley Hall effect [6, 10]. An inter-
esting growing field of investigation consists in coupling
the valley physics with thermoelectrics. Several valley-
dependent thermoelectric effects have already been pre-
dicted theoretically in monolayer TMDCs such as the
spin Nernst effect (SNE, thermoelectric counterpart of
the spin Hall effect [11–13]) and the valley Nernst effect
(VNE) [14, 15]. Hence, the experimental demonstration
of those effects could give rise to a new field called val-
ley caloritronics (by analogy with spin caloritronics [16])
with the advantage that the coupled valley-spin degree
of freedom is more robust than the spin with respect to
external magnetic fields due to the large intrinsic spin-
orbit coupling. One main obstacle to the observation of
the VNE comes from the absence of large area TMDC
monolayers which is a prerequisite to apply macroscopic
temperature gradients. Here we use the van der Waals
epitaxy to grow high-quality WSe2 mono- and multi-layer
on epitaxial graphene on SiC over 1 cm2 [17, 18]. By
this, we are able to apply temperature gradients in WSe2
on mm scale. However, in order to detect electrically
the VNE, one needs to lift the K+-K− valley degener-
acy, i.e. breaking time reversal symmetry and creating a
population imbalance between the two valleys. To do so,
we use the ferromagnetic resonance-spin pumping (FMR-
SP) technique [19–22] by growing in-situ the Al/NiFe/Al
magnetic stack on top of the WSe2 layer. By suitably ad-
justing the position of the sample into the cavity, at the
FMR of NiFe, we are able to: (i) generate a temperature
gradient along the sample and (ii) address a single valley
by spin pumping when the magnetic field is applied per-
pendicular to the film. Eventually, we detect the VNE
which is in quantitative agreement with theoretical pre-
dictions.
The growth of mono- and multi-layer of WSe2 is per-
formed under ultrahigh vacuum by molecular beam epi-
taxy (MBE) in the van der Waals regime on epitaxial
graphene on SiC. The graphene layer was grown by chem-
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2Figure 1. Characterizations of the WSe2 monolayer: (a) Schematic of the stack grown in-situ and employed for the VNE
experiments. (b)In-plane θ/2θ scans along different crystallographic axis with respect to the SiC substrate. FWHM of reflection
peaks are indicated. (c) STEM-HAADF of the two stacks composed of one monolayer WSe2 (i) and multilayer WSe2 (ii). Abrupt
interfaces between WSe2 and graphene of the stacks can be identified at atomic scale when increasing the magnification: the
case of monolayer WSe2 (iii) and multilayer WSe2(iv). The insets are bright-field images showing graphene sheets (yellow box).
ical vapor deposition on the Si face of SiC. The VNE is
expected to be very large and dominant at the top of
the valence band at the K+ and K− points of the 2D
Brillouin zone. Hence WSe2 layers are p doped by in-
troducing 0.1 % of Nb in order to shift the Fermi level
to the top of the valence band [23]. In Fig. 1b, ex-situ
grazing incidence x-ray diffraction shows the single crys-
talline character of the WSe2 layers and the measured
lattice parameter which is the one of bulk WSe2. More
characterization results on the WSe2 layers are given in
the Supplementary Material. We demonstrate that the
Nb incorporation does not affect the growth and crys-
tallinity of the WSe2 layers but it makes them conduct-
ing at room temperature which provides electronic states
for carrier diffusion and the detection of the VNE (see
Supplementary Material). WSe2 films are finally capped
with a thin ≈10 nm-thick amorphous Se layer to allow
air-transfer to another deposition chamber to grow the
Al(7 nm)/NiFe(20 nm)/Al(5 nm) stacking after thermal
desorption of amorphous Se.
Figure 1c shows the cross-sectional scanning transmis-
sion electron microscopy (STEM) micrographs with high-
angle annular dark-field imaging (HAADF) technique of
the stacks made of monolayer (Fig. 1c(i) and 1c(iii) and
multilayer (Fig. 1c(ii) and 1c(iv)) WSe2 used for the
VNE experiments. The interfaces (graphene/WSe2) and
(WSe2/metallic stack) with high crystalline quality are
atomically resolved and abrupt. The number of WSe2
layers can be unambiguously determined based on the
STEM images, and is in agreement with the estimation
done by the combination of atomic force microscopy mea-
surements and quartz crystal microbalance. We clearly
note that the upper most layer WSe2 is degraded after
Al deposition on top which is likely due to an intermix-
ing of Al and Se. For that reason, in order to preserve
the desired number of layers, especially in the case of
one monolayer WSe2, we have systematically deposited
at least 30 % of matter (Se,W,Nb) more.
Figure 2 illustrates the temperature-gradient induced
voltages that are at play under the application of an
external magnetic field coupled with spin injection via
FMR-spin pumping. We also include rectification ef-
fets (RE) due to the anisotropic magnetoresistance and
anomalous Hall effect in NiFe. They do not contribute
to the measured voltage when the magnetic field and the
magnetization are perpendicular to the film (i.e. θH =
90◦ and 270◦) [20, 24]. It is shown that the VNE might
be detected in the configuration where the magnetic field
is perpendicular to the sample surface. We discuss be-
low how we can electrically detect the VNE thanks to
the FMR-SP technique and disqualify the spurious ef-
fects with robust arguments.
In order to study the VNE, the samples are cut into
small 0.4×2.4 mm2 pieces, electrically contacted with Al
wires using a mechanical bonding machine and finally in-
troduced into the 9 GHz electron paramagnetic resonance
3Figure 2. Schematics of the transverse (Vt) and longitudinal (Vl) voltages measured under different configurations of (i) the
external applied magnetic field: perpendicular for (a, c) and parallel for (b, d); (ii) the temperature gradient: in-plane for (a, b)
and out-of-plane for (c, d). W and L stand for transverse and longitudinal distances. (e) Illustration of the VNE with electrical
detection in open circuit conditions. (f) Resume of emerging effects with respect to our experimental set-up in each configuration
(a, b, c, d): OSE (all the stack), ISHE (NiFe, WSe2), (S)VNE (WSe2), ANE (NiFe), ONE (all the stack), PNE (NiFe), RE
(NiFe) and SSE (NiFe) stand for ordinary Seebeck effect, inverse spin Hall effect, (spin) valley Nernst effect, anomalous Nernst
effect, ordinary Nernst effect, planar Nernst effect, rectification effects (due to the anisotropic magnetoresistance and anomalous
Hall effect) and spin Seebeck effect, respectively.
cavity (Fig. 3a). The radio frequency (RF) power is set
to 200 mW. In FMR-SP experiments, thermoelectric ef-
fects like the Seebeck effect are considered as parasitic
effects and are usually removed from electrical signals
[25]. Here, we purposely position the sample away from
the center of the cavity in order to generate a temper-
ature gradient along the sample and study the VNE as
shown in Fig. 3a. By shifting up (resp. down) the sample
by ∆y, microwaves are more absorbed by the NiFe layer
at the bottom (resp. top) of the sample with respect to
the top (resp. bottom) leading to a temperature gradi-
ent along −yˆ (resp. +yˆ). We measure simultaneously the
FMR signal of the NiFe layer (Fig. 3b and 3c) and the
voltage V = Vl+Vt as a function of the angle θH from
0◦ to 360◦. The DC magnetic field Hstatic has a fixed
direction along +xˆ. Vl (resp. Vt) corresponds to the lon-
gitudinal (resp. transverse) component of the voltage.
When rotating the sample, we find that the magnetiza-
tion of the soft NiFe layer is parallel to the applied field
at θH = 90
◦ and 270◦ at the ferromagnetic resonance
by using a simple macrospin model and by minimizing
the system energy [20]. We confirmed this prediction
by out-of-plane anisotropic magnetoresistance measure-
ments (see Supplementary Material).
Both voltage components contain a symmetric (s) and
asymmetric (a) part with respect to the static magnetic
field Hstatic defined as: V
s
l,t = (Vl,t(θH)+Vl,t(θH+180))/2
and V al,t = (Vl,t(θH)− Vl,t(θH + 180))/2. V sl is the volt-
age due to the Seebeck effect as a consequence of the
off-centered position of the sample in the cavity and the
resulting vertical temperature gradient. V al corresponds
to the inverse spin Hall effect (ISHE) in the parallel con-
figuration (θH = 0
◦ and 180◦) while V at corresponds to
the ordinary Nernst effect (ONE), anomalous Nernst ef-
fect (ANE), SNE and VNE in the perpendicular configu-
ration (θH = 90
◦ and 270◦)(see table in Fig. 2f). Due to
time reversal symmetry, SNE and VNE are expected to
give zero signal. However, in the perpendicular configura-
4Figure 3. (a) schematic of the spin-pumping experiment in
the FMR cavity where the sample is vertically shifted ∆y = 1
mm away from the cavity center. (b) Typical FMR spectra
recorded at θH = 0
◦ and 90◦ and (c) angular dependence of
the resonance magnetic field of the stack Al/NiFe/Al/WSe2
(monolayer).
tion, spin pumping allows to address a single spin/valley
population leading to a net transverse voltage as illus-
trated in Fig. 2e.
We performed the measurements at room temperature
for 4 different samples: 2 samples with one monolayer
of WSe2 (samples A and B), a reference sample without
WSe2 (sample C) and one sample with WSe2 multilay-
ers (sample D). We first focus on sample A and detect
a symmetric voltage in Fig. 4a demonstrating the large
Seebeck effect in WSe2. The rotating sample disturbs
the RF cavity settings and modifies the Q factor (pro-
portional to the RF field hrf ). Here, the Q factor and
the Seebeck effect are minimum in the parallel configu-
ration. The Seebeck voltage (V sl ) varies between 10 and
35 µV with a value of 22.6 µV in the perpendicular ge-
ometry. If we assume that, at best, 1/10 of the Nb atoms
are activated at room temperature, the expected doping
level is 1011 cm−2 giving a Seebeck coefficient S = 500
µV/K [26, 27]. The temperature difference between the
two electrical contacts (∆T ) then ranges between 20 mK
and 70 mK depending on the sample orientation. In the
perpendicular configuration, the temperature difference
is approximately 40 mK. V a = V al + V
a
t is reported in
Fig. 4c as a function of the applied field for two differ-
ent angles θH = 0
◦ (parallel configuration) and θH = 90◦
(perpendicular configuration), µ0Hr being the resonance
field. In Fig. 4b, we show the full angular dependence of
V a for µ0H = µ0Hr. We clearly see that the signal is
maximum in the perpendicular configuration.
In Fig. 4e, we repeated the same measurements on
sample B with the contacts at different positions and
found the same behavior but with different signal ampli-
tudes. Moreover, in sample B, V a is negative at θH =
90◦ since we reversed the polarity of the contacts (V+
and V−) with respect to sample A as shown in the insets
of Fig. 4b and 4e. As a comparison, V sl in the reference
sample C exhibits very low values in the whole angular
range demonstrating that the Seebeck effect is negligible
in the Al/NiFe/Al/graphene/SiC stack (see Supplemen-
tary Material). Furthermore, the full angular dependence
of the measured voltage in sample C (Fig. 5a) shows two
things: (i) zero voltage in the perpendicular configura-
tion, indicating that the ONE in the full stack as well
as the ANE in NiFe are negligible and not detectable.
We also note that the ANE in NiFe (sample A) can be
estimated as follows: VANE ≈ αANE × ∆T × W/L ≈
0.1 nV with αANE in NiFe being of the order of 9 nV/K
[28], ∆T = 70 mK and W ≈ 0.2 mm, L ≈ 1.3 mm be-
ing the transverse and longitudinal distances between the
electrical contacts. The ANE voltage is indeed negligibly
small compared with the measured V a in the perpendicu-
lar configuration; (ii) a cosine dependence corresponding
well to the ISHE. We do not discuss here about the ori-
gin of this ISHE signal which probably comes from the
self-conversion into the NiFe layer.
We then interpret the angular dependence of V a =
V al + V
a
t in samples A and B as the combination of the
ISHE proportional to the in-plane component of the spin
s// and the VNE proportional to the out-of-plane com-
ponent of the spin s⊥. We can express the experimen-
tal data as: V a = V 0ISHE × s// + V 0V NE × s⊥ where
V a = V 0ISHE for θH = 0
◦ (s⊥ = 0) and V a = V 0V NE
for θH = 90
◦ (s// = 0) in Fig. 4b and 4e. Here we do
not consider the ONE in WSe2 since it is expected to
be at least 3 orders of magnitude smaller than the VNE
coefficient as discussed in Ref.[15]. Morever, if there ex-
ists a longitudinal temperature gradient as described in
Fig. 2d, the contribution of the ANE and SSE in NiFe
for the in-plane component can also be ignored as demon-
strated in NiFe with FMR-SP experiment [29]. We find
(V 0ISHE = 6.4 µV/G
2, V 0V NE = 18.9 µV/G
2) for sam-
ple A and (V 0ISHE = 1.2 µV/G
2, V 0V NE = -4.1 µV/G
2)
for sample B. The VNE coefficient is given by: αV NE
= V 0V NE/(R∆T ) = SV
0
V NE/(RV
s
l ) where R is the WSe2
transverse resistance between the two electrical contacts.
This resistance is measured independently by transfer-
ring the same WSe2 film grown on mica onto a SiO2/Si
substrate pre-patterned with a transfer length measure-
ment (TLM) arrangement (see Supplementary Material).
We find the VNE coefficient αV NE ≈ 38.9 pA/K for
sample A and ≈ 38.8 pA/K for sample B. If we de-
fine α0 = ekB/2h where e is the electron charge, h the
Planck constant and kB the Boltzmann constant, we ob-
tain αV NE ≈ 0.02α0 for 1 monolayer of WSe2.
In the following, we assume that Nb doping shifts the
Fermi level close to the top of the K+ ↑ and K− ↓ va-
lence bands. We also assume that the intervalley scat-
tering time is longer than the characteristic momentum
scattering time in the WSe2 layers. The VNE thus gen-
5Figure 4. VNE in monolayer WSe2 for two samples A and B. Sample A: (a) V
s
l (Seebeck effect) and (b) V
a = V al + V
a
t (ISHE
and Nernst-related effects) voltages as a function of the angle θH ; (c) Parallel (V
a = V al , θH = 0
◦, ISHE) and perpendicular
(V a = V at , θH = 90
◦, Nernst-related effects) configurations. Sample B: (d) V sl and (e) V
a = V al +V
a
t as a function of the angle
θH ; (f) Parallel (V
a = V al , θH = 0
◦, ISHE) and perpendicular (V a = V at , θH = 90
◦, Nernst-related effects) configurations.
The insets in (b) and (e) are optical images showing longitudinal distances of 1.3 mm and 0.3 mm between the contacts of the
samples A and B, respectively and the dash-dotted lines are guide for the eye. The insets of (a) and (d) show the schematics
of the stack (color code: gray for SiC-graphene substrate, orange for WSe2 and green for Al/NiFe/Al).
erates a pure transverse valley/spin current. The VNE
coefficient vanishes when K+ ↑ and K− ↓ bands are
equally populated by time reversal symmetry. If we as-
sume that FMR-SP in the perpendicular configuration
allows to populate only the K+ ↑ valley (100% valley
polarization), the maximum expected value for the VNE
coefficient is ≈ 0.09α0 at room temperature when the
Fermi level is located between the K+ ↑, K− ↓ valence
band edge [14]. Experimentally, we find αV NE ≈ 0.02α0
which is very close to the predicted maximum value. The
experimental value suggests that the Fermi level lies ap-
proximately ∆E ≈ 0.11 eV above the top of the va-
lence band [14]. The Fermi energy corresponds to a
hole density nh ≈ gvm
∗
hkBT
pi~2
exp(
∆E
kBT
) = 1.3 × 1011
cm−2 (where gv, m∗h, T, kB , ~ denote valley degener-
acy, effective hole mass, temperature, Boltzmann and re-
duced Planck constants, respectively), corroborating well
with the hole doping range in our WSe2. Other features
related to the VNE such as rf-power quadratic depen-
dence and spatial-shift induced sign change of the volt-
age (V a at θH = 90
◦) are given in Supplementary Ma-
terial. Our interpretation for the observation of VNE is
also supported by the fact that we detect no voltage in
the perpendicular configuration in the reference sample
C (Fig. 5a and 5b). Moreover, we performed the same
FMR-SP measurements on WSe2 multilayer as shown in
Fig. 5c and 5d. In this case, the perpendicular voltage
is much weaker than in the case of WSe2 monolayer and
comparable to the in-plane signal. This is also true when
we convert the voltages into currents by normalizing with
the resistance measured in open-circuit condition: 0.18,
0.00 and 0.06 µA/G2 for samples A, C and D, respec-
tively. In particular, the maximum voltage is no longer
located at θH = 90
◦. This angular dependence of the
voltage is still in qualitative agreement with the observa-
tion of the valley Nernst effect. Indeed, when increasing
the number of layers, WSe2 becomes an indirect bandgap
semiconductor with the top of the valence band at the Γ
point. As a consequence, when increasing the number of
layers, we expect a sharp decrease of the valley Nernst
effect in the K valleys as observed experimentally. Sec-
ond, the angular dependence of the transverse voltage
V a of the monolayer, which shows a maximum when the
spin of holes is pinned to the out-of-plane direction, re-
sults from the imbalance of the valley populations. Here,
6Figure 5. VNE in the reference (sample C) and in the mul-
tilayer WSe2 (sample D). Sample C: (a) V
a = V al + V
a
t as a
function of the angle θH ; (b) Parallel (V
a = V al , θH = 0
◦,
ISHE) and perpendicular (V a = V at , θH = 90
◦, Nernst-
related effects) configurations. Sample D: (c) V a = V al + V
a
t
as a function of the angle θH ; (d) Parallel (V
a = V al , θH = 0
◦,
ISHE) and perpendicular (V a = V at , θH = 90
◦, Nernst-
related effects) configurations. The insets of (a) and (c) show
the schematics of the stack (color code: gray for SiC-graphene
substrate, orange for WSe2 and green for Al/NiFe/Al).
any signal arising from the Rashba spin-orbit coupling
(induced by the asymmetric environment of WSe2 or in-
duced by the proximity effect in graphene [30]) is ne-
glected. In particular, the recently discussed spin-type
Berry curvature [31] is orders of magnitude smaller than
the intrinsic Berry curvature at the valence band edges of
WSe2 monolayer. Finally, we note that the full angular
dependence of the FMR-SP measurements in the case of
WSe2 multilayers (Fig. 5c) needs further investigation in
order to get insight into its behavior, in particular the
appearance of the two maxima with opposite signs. We
anticipate that the direct-to-indirect bandgap transition
and Ising-Rashba spin-orbit effects [32] associated with
the restored inversion symmetry in the multilayer would
be appropriate arguments to interpret the full angular
dependence.
In conclusion, by applying a macroscopic temperature
gradient and by addressing a single K valley, we could
demonstrate the large valley Nernst effect in monolayer
WSe2. For this, we have grown high quality WSe2
monolayers on graphene by van der Waals epitaxy over
large areas. At the ferromagnetic resonance of the NiFe
film in contact with WSe2, we could both generate
a temperature gradient in WSe2 at the millimeter
scale and a valley polarization by spin pumping. This
original technique allowed us to give an estimation
of the valley Nernst coefficient that agrees well with
the predicted value for one monolayer of WSe2. The
Valley Nernst effect could be used as an alternative
way to generate valley currents for valley-related physics.
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METHODS
Sample growth and characterization. The
graphene/SiC substrate is first outgased at 750◦C dur-
ing one hour in the MBE chamber with a base pressure
in the low 10−10 mbar range. It is then kept at 500◦C
during the co-deposition of W (0.01875 A˚/s), Se (10−6
mbar) and Nb (0.01875 A˚/s). W and Nb are evaporated
thanks to e-gun evaporators and Se with a Knudsen cell.
The Nb flux is pulsed in order to reach the right concen-
tration of 0.1%. At the end of the growth, the whole film
is annealed at 750◦C during 15 minutes under Se flux
to improve the crystal quality [33]. We obtain continu-
ous and uniform WSe2 films on 5×5 mm2 graphene/SiC
substrate.
X-ray diffraction analysis was performed with a Smart-
Lab Rigaku diffractometer equipped with a Copper Ro-
tating anode beam tube (Kα = 1.54 A˚) and operated at
45 kV and 200 mA. A parabolic mirror and a parallel
in-plane collimator of 0.5◦C of resolution was used in the
primary optics and a second parallel collimator was used
in the secondary side. A Kβ filter was used for all the
measurements.
Raman measurements were done with a Horiba Raman
set-up using a laser excitation source of 632 nm with spot
size of 0.5 µm. The signal was collected by choosing a
1800 grooves/mm grating.
WSe2 transfer. We adopted a wet transfer process
that is described in details in Ref.[34] for the transfer of
WSe2 grown on mica onto SiO2/Si substrate.
Electrical contacts. The Ti/Pt contacts, which were
pre-patterned on SiO2/Si substrate by lithography and
etching followed by metal deposition, have thicknesses of
5 nm / 10 nm, respectively. See Supplemental Material
for the distribution of the contact distance.
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